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Endothelin-1 (ET-1) is overexpressed in ovarian car-
cinomas and acts, via ET, receptors (ET,R), as an
autocrine growth factor. In this study we investigate
the role of ET-1 in the neovascularization of ovarian
carcinoma. Archival specimens of primary (z = 40)
and metastatic (# = 8) ovarian tumors were examined
by immunohistochemistry for angiogenic factor and
receptor expression and for microvessel density us-
ing antibodies against CD31, ET-1, vascular endothe-
lial growth factor (VEGF), and their receptors. ET-1
expression correlated with neovascularization and
with VEGF expression. The localization of functional
ET,R and ET,R mRNA expression, as detected by au-
toradiography and in situ hybridization, was evident
in tumors and in intratumoral vessels, whereas ET R
were expressed mainly in endothelial cells. High lev-
els of ET-1 were detected in the majority of ascitic
fluids of patients with ovarian carcinoma and signif-
icantly correlated with VEGF ascitic concentration.
Furthermore ET-1, through ET,R, stimulated VEGF
production in an ovarian carcinoma cell line, OVCA
433, by an extent comparable to hypoxia. Finally,
conditioned media from OVCA 433 as well as ascitic
fluids caused an increase in endothelial cell migration
and the ET-1 receptor blockade significantly inhibited
this angiogenic response. These findings indicate that
ET-1 could modulate tumor angiogenesis, acting di-
rectly and in part through VEGF. (Am J Pathol 2000,
157:1537-1547)

Angiogenesis is essential for tumor growth and metasta-
sis and is driven by the production of tumor and/or host-
derived angiogenesis factors." As for other solid cancers,
the angiogenic potential of ovarian tumors, assessed by
tumor microvessel density, directly correlates with a poor
clinical outcome, suggesting that angiogenesis may con-
tribute to disease progression.? Endothelin-1 (ET-1) is
produced primarily in endothelial cells, in vascular

smooth muscle cells, and in elevated amounts by many
tumors.® ET-1 acts through two distinct subtypes of G
protein-coupled receptors, ET, and ETg, expressed in a
wide variety of tissues.* Because ET-1 stimulates prolif-
eration and migration of endothelial cells through the ETg
receptor (ETgR),>® and is a potent mitogen for vascular
smooth muscle and tumor cells through the ET,R,* ' it
has been suggested that this peptide could stimulate
angiogenesis.

We have previously demonstrated that expression of
ET-1 is significantly increased in the majority of ovarian
carcinomas compared with normal ovarian tissues. In
these tumor cells ET-1 acts as an autocrine growth factor
selectively through ET,R, as demonstrated by the inhib-
itory proliferative effects induced by a specific ET,R an-
tagonist.'"'® Moreover, the presence of ET-1 correlates
with tumor vascularity and malignancy in well-vascular-
ized brain tumors,' in colorectal cancer,’ and ET-1
binding sites have also been characterized in the vessels
of pulmonary tumors."® In addition, because ET-1, pre-
dominantly through ET 4R, stimulates the synthesis of vas-
cular endothelial growth factor (VEGF) in vascular smooth
muscle cells and the VEGF-mediated angiogenic ef-
fects,” we hypothesized that the effect of ET-1 could be
mediated by direct actions on tumor vessels and in part
by VEGF stimulation.

VEGF a potent and specific mitogen for endothelial
cells is also expressed in many tumors, including ovarian
carcinoma, where it stimulates the cascade of events
required for angiogenesis.'® 22 VEGF activity is medi-
ated by two tyrosine kinase receptors, flt-1 expressed
predominantly by endothelial cells®®?* and KDR ex-
pressed in endothelial cells as well as by ovarian tumor
cells.*®

To investigate the potential role of ET-1 in ovarian
tumor angiogenesis, we performed immunohistochemi-
cal analysis of ET-1, VEGF, and their receptors in archival
specimens of primary and metastatic human ovarian car-
cinomas (n = 48). By in situ hybridization and autoradio-
graphic binding studies, we examined the localization of
ET-1 receptor expression in ovarian tumor vessels. Fur-
thermore we determined whether expression of ET-1 and
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its receptors is associated with vessel counts and with
VEGF expression. Because ovarian cancer characteristi-
cally remains mainly confined to the peritoneal cavity,
concentrations of ET-1 were measured in ascitic fluids.
We have therefore investigated whether ET-1 released
from ovarian carcinoma cells might modulate the produc-
tion of VEGF and whether it could induce endothelial cell
migration, a prerequisite for tumor neovascularization. All
these findings, together with the high levels of ET-1 in
neoplastic ascitic fluids, are consistent with the hypoth-
esis that ET-1 plays an important role in ovarian cancer
related-angiogenesis and represents a potential impor-
tant target of anti-angiogenic therapy.

Materials and Methods

Cells, Tissues, and Ascitic Samples

Human ovarian carcinoma cell line, OVCA 433, a gift from
Dr. G. Scambia (Catholic University School of Medicine,
Rome, Italy), was cultured in Dulbecco’s modified Eagle’s
medium and 10% fetal calf serum. Human endothelial
cells were isolated from human umbilical vein (HUVECSs)
(Promocell, Heidelberg, Germany) and maintained in an
endothelial cell growth medium kit containing with 2%
fetal calf serum (Promocell). Tumor specimens were ob-
tained with informed consent from 48 patients (age
range, 27 to 65 years) undergoing surgery for ovarian
carcinomas at the Regina Elena Cancer Institute. Primary
tumors included 10 adenocarcinomas and 16 serous,
eight mucinous, six endometrioid, and eight omental me-
tastasis derived from five adenocarcinomas and three
serous adenocarcinomas. Tissue samples were immedi-
ately snap-frozen in liquid nitrogen. From each specimen,
4-um cryostat sections were obtained and fixed in abso-
lute acetone for 10 minutes. Ascitic fluids were collected
from an additional 20 patients with ovarian carcinoma,
centrifuged at 4000 X g for 10 minutes, and then stored
at —70°C in 1 ml aliquots. Control ascitic samples were
obtained from five patients with nonneoplastic diseases.

Immunohistochemistry

Consecutive 4-um sections were immunostained for
VEGF, ET-1, CD31 (specific for endothelial cells), recep-
tors for VEGF (KDR and flt-1), and receptors for ET-1
(ETAR and ETgR). Immunohistochemical staining was
performed by the immunoperoxidase technique (Vector
Laboratories, Burlingame, CA). Antibodies used were a
rabbit polyclonal antibody (Ab) (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA) at a 1:200 dilution for VEGF; a
mouse monoclonal Ab (clone TR.E.T.48.5; Affinity Biore-
agents, Golden, CO) at 1:200 dilution for ET-1; two rabbit
polyclonal antipeptide antibodies (a generous gift from
Dr. R. Wu-Wong, Abbott, IL) at 1:20 dilution for ET R and
ETgR; a mouse monoclonal Ab (clone JC/70A; DAKO,
Glostrup, Denmark) at a 1:200 dilution for CD31; two
rabbit polyclonal antibodies (Santa Cruz Biotechnology)
at a 1:100 dilution for KDR and flt-1. The VEGF (147)
antibody is a rabbit polyclonal IgG raised against an

amino-terminal epitope (1 to 140) common to all splice
variants of VEGF. For ET,R, an Ab was raised against a
decapeptide (DNPERYSTNL) of the extracellular NH.-
terminal domain of ET,R, for ETgR an Ab was raised
against a peptide (CGLSRIWGEERGFPPDRTP) of the
NH,-terminal domain of ETgR. To ensure specificity, the
primary Ab was preabsorbed for 12 hours at 4°C with a
50-fold excess of synthetic ET-1 (Peninsula Laboratories,
Belmont, CA) or VEGF (Santa Cruz Biotechnology), omit-
ted, or substituted with preimmune rabbit serum (nega-
tive control for ET,R and ETgR) or nonspecific IgG (neg-
ative control in all cases). Staining for positive controls
was done on tissue from a colon cancer for VEGF; tissue
from a breast cancer for ET-1; umbilical vein tissue from
a bladder tumor for KDR, flt-1 and ETgR; vascular smooth
muscle cells for ET,R. Nuclear counterstaining was per-
formed with hematoxylin. The homogeneous staining for
VEGF and ET-1 and their receptors, which was consis-
tently present in all tumor cells, was scored into different
grades as intensity of staining on an arbitrary scale of 0 to
+3. Grade 0 represented cases in which tumor cells
showed no detectable stain or traces (<20% of the tumor
cells) of positive staining. Grade 1 represented cases
that showed homogeneous reactivity in the majority of the
tumor cells but with a weak staining intensity. Grade 2
represented cases that showed diffuse immunoreactivity
in the majority of the tumor cells but with an intermediate
intensity of staining. Grade 3 was assigned to cases in
which the tumor cells homogeneously showed strong
positive staining. Two independent observers performed
tissue reading. The presence or absence of receptors
was evaluated on both tumor endothelial cells and tumor
epithelial cells. Vessel count was assessed by light mi-
croscopy in areas of the tumor containing the highest
numbers of capillaries and small venules at the invasive
edge. The highly vascular areas (hot spots) were identi-
fied by scanning tumor sections at low power and indi-
vidual vessel count was performed by two independent
observers on a X200 field, according to the criteria of
Weidner et al,?® in which vessel lumen was not necessary
for a structure to be defined as a vessel. Any immuno-
stained endothelial cell clearly separated from adjacent
microvessels, tumor cells, and other stromal elements,
was considered a single microvessel.

In Situ Hybridization

Frozen tissue sections (6 um) were collected onto slides
and fixed in 4% paraformaldehyde for 20 minutes at
22°C, dehydrated through alcohols, and stored at
—70°C. After rehydration for 15 minutes with phosphate-
buffered saline 1X, 50 mmol/L MgCl, and 15 minutes
with 200 mmol/L Tris-HCI, pH 7.5, 100 mmol/L glycine,
acetylation with 2X standard saline citrate (SSC), 100
mmol/L triethanolamine, 0.25% acetic anhydride, dehy-
dration with alcohols and 0.6 mol/L ammonioacetate, and
air-drying, slides were hybridized with buffer containing
50% formamide, 1 mg/ml salmon sperm DNA, 2X SSC,
10% dextran sulfate, 70 nmol/L dithiothreitol, and 10 to
13 X 10® cpm/ul of probe 3*S-labeled CTP (40 mCi/m;



Amersham). Sense and anti-sense riboprobes for ET,R
were synthesized from pBluescript SK™ vectors with a
full-length human ET,R cDNA insert. After hybridization
for 16 to 20 hours at 50°C in a humid chamber, slides
were washed 20 minutes in 2X SSC at room temperature,
twice in 2X SSC-50% formamide at 45°C, once in 1X
SSC-50% formamide at the same temperature, and in
0.1x SSC at room temperature. For autoradiography,
slides were coated with NTB2 emulsion (Kodak, Roches-
ter, NY) and exposed at 4°C for 2 weeks. After develop-
ing in Kodak D19, the sections were fixed and counter-
stained with hematoxylin.

Autoradiographic Binding Studies

Autoradiography was performed on five human ovarian
carcinoma tissues as previously described.?” After wash-
ing with 50 nmol/L Tris-HCI buffer, pH 7.4, containing
0.2% bovine serum albumin and 0.005% polyethyleni-
mine (Sigma, St. Louis, MO), consecutive sections (10
uwm) were incubated at 25°C for 60 minutes in a buffer
supplemented with 40 wg/ml bacitracin (Sigma) in the
presence of tracer, 0.1 nmol/L "2%I-ET-1 (2,200 Ci/mmol;
Dupont New England Nuclear Research Products, Wil-
mington, DE) in the absence (total binding) and in the
presence of 1 umol/L ET-1 (Peninsula Laboratories) (non-
specific binding). For total ETg binding sections were
incubated in the presence of 1 umol/L BQ 123 (Peninsu-
la) and for total ET 5 binding with 1 umol/L sarafotoxin S6¢c
(Peninsula) or 1 wmol/L BQ 788 (Peninsula). After con-
secutive washes, slides were dipped in NTB2 emulsion
and after 15 days developed in Kodak D19, fixed, and
counterstained.

Assays of Angiogenic Factors

OVCA 433 cells were seeded at 1 X 10° cells/dish in
complete medium and serum-starved for 24 hours. Cells
were cultured at 37°C with 95% air/5% CO,, or incubated
in aluminum chambers flushed with a gas mixture con-
taining 5% CO, and 95% N, (hypoxia). After varying
times, cell supernatants were collected, centrifuged, and
frozen for subsequent use. Each conditioned media and
ascitic sample was subjected to one freeze-thaw cycle
only. All assays (ET-1 and VEGF) were performed in
duplicate on microtiter plates by an enzyme-linked immu-
nosorbent assay kit (R&D Systems, Minneapolis, MN)
according to the manufacturer’s instructions. The working
range in the enzyme-linked immunosorbent assay for
VEGF assay was 31.2 to 2,000 pg/ml and for ET-1 was 0O
to 120 pg/ml. When necessary, dilutions of the ascitic
samples were made. Control ascitic samples from five
patients with no malignant disease were also assayed.

Chemotaxis Assay

To examine the paracrine chemoattractant effects of the
OVCA 433-conditioned medium and of the ascitic fluids
on HUVEC migration, a 48-well modified Boyden cham-
ber (Neuroprobe, Pleasanton, CA) and 0.01% gelatin-
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coated polyvinylpyrrolidone-free polycarbonate filters
(8-um pore, Nucleopore: Costar, New York, NY) were
used. The lower compartment of the chamber was filled
with chemoattractants or inhibitor (27 wl/well). Cells (5 X
10° cells/ml) were placed in the upper compartment (55
wl/iwell). Some of the ascitic fluid of OVCA 433-condi-
tioned medium was preabsorbed with antibody (at a
dilution of 1:50) to VEGF (Santa Cruz Biotechnology) for 2
hours before use. ET-1 receptor antagonists (BQ 123 and
BQ 788; Peninsula Laboratories) were previously added
to the HUVECs and preincubated for 15 minutes at 37°C.
After 4 hours of incubation at 37°C, filter was removed,
and cells on the upper side were scraped off. Migrated
cells were fixed, stained with Diff-Quick (Baxter Diagnos-
tics, Miami, FL), and counted in 10 high-power fields.
Each experimental point was analyzed in triplicate.

Statistical Analysis

All correlations were examined by the Spearman count
correlation coefficient. All statistical analyses were per-
formed by the Inplot software system (GraphPad Soft-
ware Inc., San Diego, CA).

Results
Expression of ET-1, ET 4R, and ETgR

In a panel (n = 48) of primary and metastatic ovarian
carcinomas we evaluated the expression of ET-1, ET,R,
and ETgR. The presence of mature ET-1 was found in
84% of the ovarian carcinomas examined, including pri-
mary and metastatic lesions of different ovarian cancer
histotype. ET-1 was localized in the cytoplasm of tumor
and metastatic cells and in endothelial cells lining the
tumor-feeding vessels (Figure 1A). No staining was ob-
served with anti-ET-1 Ab preabsorbed with an excess of
blocking ET-1 (data not shown). Specific immunostaining
identifying ET,R was seen primarily in the majority (89%)
of cell cytoplasms in all areas of the tumors and metas-
tases and in blood vessels adjacent to neoplastic cells
(Figure 1B). Immunostaining with an antipeptide antibody
directed against ETgR was not detected on tumor cells,
but positivity for ETgR occurred significantly on tumor
endothelium (Figure 1C). No staining was noted when
preimmune rabbit IgG substituted the anti-ET, or anti-
ETg for the primary Ab, as negative control in a human
serous ovarian carcinoma (data not shown).

In addition, the intracellular localization of ET,R mRNA
was examined by in situ hybridization analysis. In situ
hybridization using riboprobe with specificity for ET,R
was performed on five specimens. ET,R mRNA strong
expression was found to be a consistent feature of all
tumors studied. A dense homogeneous accumulation of
silver grains, identifying ET,R mRNA, was seen through-
out the majority of tumor cells and vascular elements
(Figure 2, A and C). No specific labeling was seen with
control sense probe (Figure 2, B and D). The silver grain
distribution was similar to the distribution of the ET,R
immunostaining.
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Figure 1. Immunohistochemical staining of ET-1 (A), ET,R (B), ETzR (C), and CD31 (D) in an human serous ovarian carcinoma. Intense ET-1 and ET,R
immunoreactivity (brown staining) was observed in all tumor cells (A and B). ET3R immunoreactivity was detected only in vascular elements (arrowheads, C).
CD31 staining of endothelial cells (arrowheads) in the same ET-1-positive carcinoma tissues is shown (D). Original magnification, X200; ABC-peroxidase,

counterstained with hematoxylin.

The predominance of ET, binding sites on the tumor
cells was further confirmed by autoradiographic analysis
of "°-ET-1 binding assay (Figure 3) in eight ovarian
carcinoma specimens. Autoradiographic localization of
ET, binding was confirmed to be homogeneous within
tumors without detectable hot spots. '2°I-ET-1 binding
was intense in tumor vessels on both their muscular and
endothelial components (Figure 3A). The addition of an
excess of cold ET-1 displaced all '°I-ET-1 binding dem-
onstrating the specificity of the binding (Figure 3B). The
addition of a potent ETgR antagonist, BQ 788, did not
affect '®°I-ET-1 binding to tumor cells, but displaced it
from the vascular endothelium (Figure 3C). The BQ 123,
a potent ET AR antagonist, abolished labeling in the tumor
cells, attenuated it in the vascular muscular component
and showed only a decreased labeling related on the
presence of ETg receptors on vascular cells (Figure 3D).
Sarafotoxin 6C (S6C), an ETgR agonist, determined re-
sults similar to those obtained with BQ 788 (data not
shown). These results demonstrated the distribution of
the ET,R and ETgR subtypes on tumor cells and vascular
smooth muscle cells and on endothelial cells, respec-
tively. No specific ETg binding sites were present in ovar-
ian tumor cells.

Expression of VEGF, KDR, and fit-1

A total of 38 out of 48 (79%) ovarian carcinomas, includ-
ing primary and metastatic, showed VEGF immunoreac-
tivity. As previously reported,®-2%:2° the intensity of VEGF
staining was homogeneous within tumors, with no detect-
able hot-spot, and was mainly localized in the cytoplasm
of all neoplastic cells (Figure 4A). Specificity of VEGF
immunostaining was confirmed by a complete loss of
staining when the antibody was preneutralized with the
corresponding control antigen (data not shown). We fur-
ther characterized the expression of VEGF receptors in
ovarian carcinoma by immunohistochemistry. The vascular
cells in the ovarian carcinomas expressed high levels of
KDR and a significant amount of flt-1 (Figure 4, B and C).

Correlation between VVessel Count and ET-1,
VEGF, and Receptor Expression

In the same panel of primary (n = 40) and metastatic (n =
8) ovarian carcinomas, we performed immunohistochem-
istry against CD31, a specific marker of endothelial cells,
and the microvessel number was counted in the regions
which included more microvessels than the rest of the
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Figure 2. In situ hybridization of ovarian carcinoma with antisense (A and C) and the sense (B and D) (control) riboprobe of ET,R. Positive signals for ET,\R
mRNA appear as black grain in the bright-field photographs. Intense labeling for ET,R mRNA in an ovarian serous carcinoma, is particularly localized in a nest
of tumor cells (t) as well as in vascular elements of stromal microvessels (arrowheads). No specific labeling is noted in adjacent section with the sense riboprobe.

Original magnification, X200; counterstained with hematoxylin.

tissue (hot-spot) (Figures 1D and 4D). In the total patient
population, the mean microvessel count in the hot-spot
was 38.4 = 23.7. The mean microvessel numbers of the
ET-1-positive group and the ET-1-negative group were
57.6 = 31.4 and 25.9 * 24.0, respectively, indicating that
there was greater neovascularization in the ET-1-positive
tumors (P < 0.01; Table 1). The expression of ETAR in
tumor blood vessels was higher in ET-1-positive tumors
than in those negative for ET-1, whereas ETgR expression
was similar between the two groups (Table 1).

As shown in Figure 5, the analysis of the relation be-
tween ET-1 expression and the number of microvessels
in the tumor areas of highest vascularization showed a
statistical association between tumor microvessel count
and ET-1 expression (r = 0.60; P < 0.0002). The blood
vessel numbers (mean = SD) in the VEGF-negative and
VEGF-positive tumors were 23.8 = 15.1 and 53 * 33.2,
respectively. This difference was statistically significant
(P < 0.0001), indicating that there was greater neovas-
cularization in the VEGF-expressing cancers (Table 2).
Therefore, a significant correlation among vessel count
and VEGF expression was observed (r = 0.71; P <
0.0001). KDR was the predominantly expressed VEGF
receptor in ovarian carcinoma vessels, with no difference
between VEGF-positive and -negative tumors. Flt-1 ex-
pression was also similar between the two groups. More-
over, because vessel count was significantly associated

with VEGF expression we analyzed whether ET-1 corre-
lated with VEGF. In our series of 48 ovarian carcinomas,
we found a highly significant correlation between ET-1
staining and VEGF immunoreactivity (r = 0.673; P <
0.001).

Ascitic Concentration of ET-1 and VEGF

Because ovarian cancer growth is mainly confined to the
peritoneal cavity with the production of ascitic fluid, we
evaluated whether advanced ovarian carcinoma would
be associated with elevated ascitic concentrations of
VEGF and ET-1. In human studies, high levels of VEGF
(>10 pmol/L) were measured in malignant ascites.®° Tak-
ing 10 pmol/L as the threshold value for the detection of
malignancy, 17 of the 20 samples of ascitic fluid obtained
from patients with ovarian carcinoma were VEGF-positive
(>10 pmol/L). VEGF levels ranged between 25 and 325
pmol/L in ascitic fluids. High concentrations of ET-1 (=10
pmol/L) were measured in the same 17 VEGF-positive
ascites of the 20 effusions tested (85%). ET-1 levels in the
ascitic fluids ranged between 10.4 and 78 pmol/L,
whereas only very low or undetectable levels of ET-1
were found in the five patients whose effusions were
without cytological evidence of malignancy (<2 pmol/L).
Moreover, there was a strong correlation (r = 0.717; P <
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Figure 3. Autoradiographs of frozen sections of human serous ovarian carcinoma incubated with '°I-ET-1 (100 pmol/L). A: Binding is well distributed and intense
in tumor cells. B: *’I-ET-1 is completely displaced by the addition of a 1 wmol/L cold ET-1. C: Total ET, binding: autoradiogram of a flanking tissue section
incubated with 0.1 nmol/L '*I-ET-1 and 1 umol/L BQ 788 showing radioactive ligand binding primarily to the tumor cells. D: Total ETy binding: autoradiogram
of another flanking section incubated with 1 wmol/L BQ 123 completely displaces '*’I-ET-1 binding to tumor cells, while it attenuates labeling to blood vessels.
White arrows show only a decreased labeling in the blood vessels related to the restricted presence of ETiR on vascular cells. Original magnification, X200

0.0026) between ET-1 and VEGF ascitic concentrations
(Figure 6) suggesting that ET-1 and VEGF characterize
the advanced disease.

Effect of ET-1 on VEGF Secretion in OVCA 433
Cells

We investigated whether ET-1 might regulate the produc-
tion of VEGF as an important mechanism by which ET-1
could modulate angiogenesis. ET-1 stimulated VEGF pro-
duction, with detectable production as early as 1 hour,
and maximum stimulation (2.0-fold above control levels)
at 24 hours (P < 0.005, Figure 7A). The ability of ET-1 to
stimulate VEGF production was dose-dependent, reach-
ing maximal stimulation at a concentration of 100 nmol/L
(Figure 7B). After 24 hour of incubation, VEGF-stimulation
by ET-1 (100 nmol/L) was comparable in magnitude to
that induced by hypoxia, a recognized potent and impor-
tant stimulus of VEGF (Figure 8). We then investigated the
ET-1 receptor subtype involved in the regulation of VEGF
secretion. The stimulation by ET-1 (100 nmol/L) was com-
pletely blocked by the ET,R antagonist BQ 123, indicat-
ing that ET-1 stimulated VEGF production after binding to
ET,R in ovarian carcinoma cells.

Endothelial Cell Migration Induced by ET-1
Released by Ovarian Carcinoma Cells

To test whether ET-1 released from ovarian carcinoma
cells could affect endothelial cell mobility, HUVECs were
incubated in a chemotaxis chamber with ascitic fluids
obtained from patients with ovarian carcinoma (Figure
9A) and with conditioned medium of OVCA 433 cells
(Figure 9B). The ascitic fluid and the OVCA 433 medium
contained high levels of ET-1 (38 + 3.2 pg/ml and 62.5 =
5.3 pg/ml, respectively) as measured by enzyme-linked
immunosorbent assay. The ascites and the spent media
(used at a dilution of 1:2) caused a strong increase in
endothelial cell migration above serum-free Dulbecco’s
modified Eagle’s medium used as control. These stimu-
latory effects were inhibited by ~45% after preincubation
of conditioned medium and ascitic fluid for 2 hours with
an excess of specific antibody to VEGF, which bounds
the VEGF secreted. Preincubation with BQ123 induced a
partial decrease (~25%), whereas the addition of BQ 788
determined an higher inhibition (55%) on endothelial cell
migration induced by both ascites and conditioned me-
dia. Interestingly, co-incubation of VEGF Ab and BQ788
with OVCA 433-conditioned medium reduced by 76%
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Figure 4. Immunohistochemical staining of VEGF (A), KDR (B), flt-1 (C), and CD31 (D) in a human serous ovarian carcinoma. Intense and homogeneous VEGF
immunoreactivity (3+) was observed in two nests of tumor cells (t) whereas the portion of interstitium (*) included in the section was unstained (A). Intense KDR
staining was observed in vascular cells (arrowheads, B). Flt-1 immunoreactivity was detected in the vascular elements of the tumor (arrowheads, C). CD31
staining was restricted to endothelial cells (arrowheads) in the same VEGF-positive carcinoma tissues (D). Original magnification, X200; ABC-peroxidase,
counterstained with hematoxylin.

HUVEC migration. Endothelial cell migration induced by
10 nmol/L of basic fibroblast growth factor was not inhib-
ited by the addition of 1 umol/L M BQ 788 or BQ 123,
indicating that the inhibitory effect induced by the ETg
and ET, receptor antagonist was specific and was not
because of cytotoxicity (data not shown). This in vitro
model analyzing the potential paracrine interactions be-
tween ovarian tumor cells and endothelial cells indicates
that ET-1 produced by tumor cells, together with VEGF,
was primarily responsible for the increased HUVEC mi-
gration.

Discussion

Although the degree of intratumoral stromal vasculariza-
tion and VEGF expression has been found to correlate
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with prognosis in patients with early-stage and advanced
ovarian cancer, the mechanisms of the angiogenic
events in this malignancy are still not well-defined.®2'-33
Because this knowledge is becoming clinically relevant in
view of the emerging therapeutic role of anti-angiogenic
agents, we examined the role of ET-1 in the neovascu-
larization of primary and metastatic ovarian carcinomas.

In the present study, elevated ET-1 expression was
documented by immunohistochemistry in primary and
metastatic ovarian carcinoma. ET,R expression, as de-
tected by in situ hybridization and immunohistochemistry,
was localized in carcinoma cells as well as in blood
vessels, whereas ETgR was confined to vascular endo-
thelial cells. Autoradiographic binding studies confirmed
that ovarian carcinoma cells functionally expressed ET,R
but not the ETgR, and that blood vessels co-expressed

Table 1. Correlation between Expression of ET-1, Vessel Count, and ET-1 Receptors in Human Ovarian Carcinomas

ET-1 expression Vessel count

Receptors for ET-1

ETAR expression* ETgR expression*

57.6 = 31.4 P <0.01
2569240

Positive (n = 39)
Negative (n = 9)

39 (100%)
5 (55%)

36 (92%)
8 (89%)

Sections of the 48 ovarian carcinomas were immunostained for ET-1, its receptors, and for CD31 using ABC-peroxidase.

*Number of tumors where receptors are present on tumor blood vessels.
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Figure 5. Relationship between microvessel count and ET-1 expression in
human ovarian carcinomas (n = 48; r = 0.60; P < 0.0002). Solid line
indicates mean value and dashed lines SD.

ETAR and ETgR. The vascular smooth muscle cells pre-
dominantly expressed ET,R, whereas endothelial cells
expressed ETgR. The localization of the ET receptors in
blood vessels adjacent to transformed epithelium sug-
gests that ET-1 might exert angiogenic effects providing
an ideal microenvironment for tumor growth. VEGF was
expressed in the cytoplasm of tumor cells where it is
synthesized and stored, whereas VEGF receptors were
expressed by endothelial cells. Because VEGF plays a
pivotal role in ascites formation both as a potent inducer
of vascular permeability and as an angiogenetic factor,3*
we hypothesized that advanced ovarian carcinoma may
be associated with elevated ascitic concentrations of the
angiogenic factors VEGF and ET-1. Our findings indeed
demonstrate that in the majority of ovarian carcinomas
examined, ascitic concentrations of both factors are con-
cordantly elevated. The unprecedented demonstration of
high ET-1 levels in a sizeable percentage (85%) of cases
implicates this molecule as relevant in the increased
neovascularization and vascular permeability of ovarian
carcinoma.

Although microvessel count and VEGF expression
have been shown to correlate in several tumors,3737 to
date no such correlation has been found in ovarian car-
cinoma.®338 Qur results found a strong correlation of
VEGF and vessel density in a significant number of

100

ET-1 pM

o ) i 1
0 100 200 300 400
VEGF pM
Figure 6. Relationship between ascitic levels of ET-1 and VEGF in a group of

patients (7 = 20) with advanced ovarian carcinoma (= 0.717; P < 0.00206).
Solid line indicates mean value and dashed lines SD.

cases. In view of the above results, we extended the
same analysis to ET-1 demonstrating a significant corre-
lation between ET-1 expression and microvessel density.
ET-1is a potent mitogen for vascular smooth muscle cells
as well as for endothelial cells. Previous observations
demonstrated that endothelial cells express ETgR and
respond to ET-1, which may exert an angiogenic activi-
ty.>~® Thus, we have recently demonstrated that ET-1
induces a pro-angiogenic phenotype in human endothe-
lial cells.3® This phenotype includes both early (ie, in-
crease in cell proliferation, migration, invasion, and
MMP-2 production) and late angiogenic events (differen-
tiation into vascular cords). Moreover ET-1 in association
with VEGF has a clear angiogenic activity in the Matrigel
in vivo assay, comparable to that promoted by bFGF.
Recent studies demonstrated that in vascular smooth
muscle cells ET-1, predominantly through ETAR, en-
hances VEGF secretion and stimulates the VEGF-in-
duced endothelial cell proliferation and invasion.'”
Because the regulation of VEGF production is a critical
event in tumor angiogenesis, one can envision that in
pathological conditions such as cancer, ET-1 may be
up-regulated by various stimuli including hypoxia, growth
factors, and inflammatory cytokine,*® and that ET-1, in
turn, might exert angiogenic effect increasing VEGF pro-
duction and thereby modifying VEGF-related angiogenic
responses. In these studies, we demonstrated that ET-1
stimulates VEGF production in ovarian carcinoma cells
and is equipotent to hypoxia, a recognized potent and
important stimulus of VEGF production. We also showed
that the actions of ET-1 were mediated through the ET R,

Table 2. Correlation between Expression of VEGF, Vessel Count, and VEGF Receptors in Human Ovarian Carcinomas

VEGF expression Vessel count

Receptors for VEGF
KDR* flt-1*

Positive (n = 38)

Negative (n = 10) 23.8 = 15.1

53 = 33.2 P < 0.0001

37 (97%)
10 (100%)

33 (87%)
9 (90%)

Sections of the 48 ovarian carcinomas were immunostained for VEGF, its receptors, and for CD31 using ABC-peroxidase.

*Number of tumors where receptors are present on tumor blood vessels.



A 1000 -

800 - b

600 -

400

VEGF production pg/10° cells

200 -

1 3 6 12 24 48
time (hours)

B 800 -

600 -

400 -

200 -

VEGF production pg/10° cells

Control  100nM 10nM 1nM 100pM

ET1

Figure 7. A: Time course of production of VEGF in conditioned media of
OVCA 433 cells by ET-1. Open bar, control; hatched bar, ET-1 100 nmol/L.
Data expressed are means of results from three experiments each performed
in triplicate. Bars, =SD. a: P = 0.02 compared to control. b: P = 0.005
compared to control. B: Dose response for the actions of ET-1 on VEGF
production at 24 hours. Data expressed are means of results from three
experiments each performed in triplicate. Bars, £SD. a: P < 0.005 compared
to control. b: P =< 0.02 compared to control.

because the specific antagonist BQ 123 reversed the
stimulation of VEGF production.

Furthermore we showed that elevated levels of ET-1
are released by ovarian carcinoma in ascitic fluids and
that this growth factor is primarily responsible for endo-
thelial cell migration, acting through ETgR, as demon-
strated by the inhibition induced by ETgR antagonists.
The significant inhibition obtained by co-incubating
HUVECs with the ETgR antagonist and with VEGF Ab,
strongly indicates that ET-1, together with VEGF, play a
complementary and coordinated role during neovascu-
larization in ovarian carcinoma. Thus, our hypothesis is
that during neovascularization, endothelial cells could be
initially stimulated by the ET-1/ETgR interaction to mi-
grate, proliferate, and invade surrounding tissue. There-
after, vessel maturation could be mediated by ET-1/ET,R
binding in part through the stimulation of VEGF in the
existing tumor or vasculature, resulting in angiogenesis.
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Figure 8. Inhibition of ET-1-stimulated VEGF production by a ET,R antag-
onist. Stimulation of VEGF protein in conditioned media of the OVCA 433
cells by ET-1 with ET,R antagonist (100 nmol/L) completely inhibits the
stimulation induced by ET-1. Data expressed are means of results from three
experiments each performed in triplicate. Bars, £SD. a: P = 0.001 compared
to control. b: P = 0.01 compared to ET-1.
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Figure 9. Effects of ET-1 released from ovarian carcinoma cells on endothe-
lial cell migration. A: Stimulation of HUVEC migration by ascitic fluid. Incu-
bation with VEGF antibody (Ab) and ET,R (BQ123) and ETgzR (BQ 788)
antagonists (1 umol/L) identifies ET-1 released from tumor cells as an
important stimulus for HUVEC mobilization. Data expressed as the number
of migrated cells in 10 high-power fields and are means of results from two
experiments performed in triplicate. Bars, = SD. a: P = 0.001 compared to
control. b: P = 0.001 compared to ascitic fluid. B: Stimulation of HUVEC
migration by conditioned media (CM) from ovarian cancer cell line OVCA
433. Data expressed as migrated cells in 10 high-power fields and are means
of results from four experiments each performed in triplicate. Bars, £ SD. a:
P = 0.001 compared to control. b: P = 0.01 compared to CM. ¢: P = 0.006
compared to CM. d: P = 0.02 compared to VEGF Ab. e: P = 0.05 compared
to BQ 788.
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This working hypothesis links ET-1 to the early as well as
to the late stages of angiogenesis involving both ET-1
receptors.

In conclusion, the present study demonstrates that
ET-1 and its receptors are expressed by tumor cells as
well as by tumor vessels in ovarian carcinoma. The tu-
mor-promoting activity of ET-1 may occur through an
autocrine pathway that stimulates tumor cell proliferation
and through a paracrine pathway involving direct angio-
genic effects on endothelial cells and in part through the
stimulation of VEGF in ovarian carcinoma cells. Among
the array of factors that concur to ovarian tumor vascu-
larization, we identified ET-1 and its receptors as angio-
genic regulators that could represent novel targets for
anti-angiogenic therapies. New therapeutic strategies us-
ing specific antagonists provide an additional approach
to the treatment of ovarian carcinoma in which ET-1 an-
tagonists would play their anti-tumor role as both anti-
angiogenic and anti-mitogenic agents.*'42
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